Abstract: In this paper, the design of a wideband bow-tie antenna using suspended stripline (SSL) balun is presented. The utilized balun is composed of a wideband multi-section power divider and a left-handed nonlinear transmission line (LH NLTL) implemented with SSL. The fabricated balun exhibits wide frequency bandwidth form 4 to 18 GHz (127%). To demonstrate applicability of the proposed balun, a modified bow-tie antenna is built and tested. The fabricated antenna provides wide frequency bandwidth from 5 to 18 GHz (110%) and the measured gain of typical 3.5 dBi with quasiomni directional radiation patterns.
Introduction
In designing wideband balanced antennas, the type of wideband feed structures is often one of main issues. Since a balanced antenna requires a balanced feed, a balun (balanced-to-unbalanced) is needed to achieve symmetrical radiation from the desired antenna. The balun has wide applications in various RF and microwave circuits such as mixers, multipliers, balanced amplifiers, antennas, and other applications requiring a signal conversion between an unbalanced line and a balanced transmission line such as slotline and coplanar stripline (CPS) [1] . Especially, slotline and CPS are commonly used as feeding networks of balanced antennas and other balanced components. Up to now, various planar-type microstrip-to-CPS transitions (baluns) which provide wideband performance have been reported over the years [2, 3] . However, these planar-type feeding networks are had lower efficiency and lower temperature stability in comparison with those in shielded structures. An effective method to lower these losses and thus to enhance efficiency is to construct the feed network using low loss transmission lines such as rectangular waveguides [4] , parallel plate waveguides [5] or suspended substrate lines [6] . The suspended substrate line is particularly attractive because it makes use of a very thin dielectric sheet which has low loss tangent and excellent temperature stability.
In this paper, a wideband suspended stripline balun is proposed. The proposed balun is combined with advantage of planar-type and shield-type feeding networks. The proposed balun is composed of a wideband multi-section power divider and a left-handed nonlinear transmission line (LH NLTL) implemented with SSL. The LH NLTL can be designed to have unusual phase characteristics such as antiparallel phase and group velocity, engineerable nonlinear phase slope, propagation constant of zero at a non-DC frequency, and phase advance phenomena. The proposed balun is realized by designing the phase characteristics of the LH NLTL such that the differential phase between the LH NLTL and a paired conventional suspended stripline is nearly constant. This phase difference can be controlled to be close to 180°to excite a pure odd mode to match the CPS mode excitation over a wide frequency range [7] . To cover the wide frequency bandwidth of the proposed LH NLTL, a wideband multi-section power divider is utilized. To demonstrate the applicability of the proposed balun, a modified bow-tie antenna is built and tested [8] .
Design of the balun and antenna
The proposed balun is composed of a multi-section power divider, a left-handed nonlinear transmission line (LH NLTL), a =4 delay line and a coplanar stripline (CPS) implemented with suspended stripline (SSL) as shown in Fig. 1 . Also, in order to calculate and measure more accurate impedance bandwidth of the balun for balanced antennas, a single balun is terminated with a matched load (a surface mounted 0402 chip resistor of 100 Ω) [9] . The proposed balun is realized on a Rogers RO4003 substrate with " r ¼ 3:8, thickness h ¼ 0:3 mm, and cover height of h c ¼ 0:5 mm. The designed balun circuit is 36 mm by 16 mm in size as shown in Fig. 2 .
The proposed 5-section power divider provides maximum insertion loss of 1 dB for a wide frequency band from 2 to 20 GHz. The divider is composed of 5 pairs of equal-length transmission lines (4 mm) and 5 bridging resistors distributed from port 1 to ports 2 and 3 (r 1 ¼ 150 Ω, r 2 ¼ 300 Ω, r 3 ¼ 1000 Ω, r 4 ¼ 1200 Ω, r 5 ¼ 500 Ω) [10] . The delay line is designed as the quarter-wave length at 10 GHz. The proposed LH NLTL is composed of a series of varactor diodes (M/A-COM MA46H120; hyperabrupt junction GaAs flip-chip diode). The junction capacitance (C j0 ) of the diodes, from the manufacturer's data sheet, is 1.1 pF with a capacitance ratio of Cð0 VÞ=Cð10 VÞ ¼ 7:5. The nonlinear capacitance in each section is formed by two anti-series diodes. Shunt inductances are implemented with a 0.6 mm-wide suspended stripline connecting the pads to the ground plane [11] . Fig. 3 shows pictures of the fabricated suspended stripline balun. Fig. 4 (a) compares the simulated and measured results of the fabricated suspended stripline balun. The simulation was performed with the CST Microwave Studio. The frequency range for the return loss better than 10 dB is from 3 to 19 GHz. The phase difference between two branches of CPS, as shown in Fig. 4(b) , verifies that the required 180°AE 20°constant phase from 4 to 18 GHz.
Pictures of the fabricated bow-tie antenna are shown in Fig. 5(a) . The fabricated antenna provides the maximum input VSWR of 2.3 for a wide frequency band from 5 to 18 GHz as shown in Fig. 5(b) . Fig. 6 shows the radiation patterns of the fabricated antenna at frequencies of 6, 9, and 12 GHz. The measured gain of the fabricated antenna is typically 3.5 dBi for the operating frequencies. The measured radiation patterns agree well with the simulated radiation patterns for the whole frequency range. From these figures, it is observed that the proposed antenna maintains quasi-omni directional patterns. 
Conclusion
In this paper, a wideband bow-tie antenna using the suspended stripline balun is presented. The proposed balun exhibits broader frequency bandwidth with comparable performance compared with the previously reported research results. The fabricated balun exhibits wide frequency bandwidth form 4 to 18 GHz (127%). Also, the fabricated antenna provides wide frequency bandwidth form 5 to 18 GHz (110%), and the measured gain of typically 3.5 dBi for the operating frequencies with quasi-omni directional radiation patterns. 
